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Introduction
As global climates warm under anthropogenic climate change, many species are expanding their geographic ranges to higher latitudes and elevations (Thomas et al. 2001; Parmesan & Yohe 2003; Hickling et al. 2005; Chen et al. 2011) , resulting in the displacement of native species and increased outbreaks of disease and pests at higher latitudes (Bebber et al. 2013; Sánchez-Guillén et al. 2015) , but also potentially providing net increases in biodiversity at high latitudes, compared to the pre-anthropocene (Thomas 2013) . While some species are successfully and rapidly expanding under climate change, others fail to adapt or move and therefore suffer from population declines in response to increased temperatures (Bellard et al. 2012; Buckley & Kingsolver 2012) . Understanding the genetic factors that predispose some species to undergo range expansions in response to climate change are therefore needed to predict and understand the spread of pests and invaders and to identify sources of genetic variation required to prevent warming-induced population declines.
Currently, the factors promoting climate warming-induced expansions are poorly understood. While extirpation events and range contractions under anthropogenic climate change have been documented in species with relatively low or constrained upper thermal tolerances (Sinervo et al. 2010; Comte et al. 2014) , range expansions are weakly and inconsistently associated with upper thermal tolerances (Comte et al. 2014) or with life history, dispersal, or ecological niche traits (Angert et al. 2011) . Thus while warminginduced range contractions may be immediately predictable based on habitat data and known thermal characteristics of at-risk species, more research is needed to understand how thermal tolerances and their underlying mechanisms facilitate successful responses to rapid climate change, including rapid range expansions or shifts to climatically favourable regions (e.g., Krehenwinkel et al. 2015) .
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In a recent study (Lancaster et al. 2015) , we examined changes in thermal tolerance associated with a recent, climate-mediated northward range expansion in a widespread damselfly species (Ischnura elegans Vander Linden 1820, Odonata: Coenagrionidae).
Ischnura elegans is broadly distributed across Eurasia and is currently expanding its range to higher latitudes in response to warming climates (Hickling et al. 2005; Cham et al. 2014) .
Using physiological thermal tolerance experiments on wild-caught individuals from different latitudinal locations, we found that mean heat tolerances were preserved across a ~500km latitudinal extent that spans the recent, poleward range expansion. Geographic conservation of heat tolerance in this species did not reflect evolutionary constraint preventing local adaptation within the colonized region. Instead, heat tolerance exhibited geographic variation in phenotypic values consistent with this trait being released from selection at the poleward range front (Lancaster et al. 2015) . This suggests that declining environmental temperatures towards the expansion front result in neither any benefit nor any substantial fitness cost of maintaining ancestrally high heat tolerances in the new part of the range (Lancaster et al. 2015) . Because range expansions are widespread in insects, latitudinal invariance in upper thermal tolerance reported across ectothermic species might generally result from a process of thermal release during poleward expansion (Lancaster in review).
In contrast to latitudinally-invariant heat tolerances, I. elegans exhibited dramatic improvement in cold tolerance at the approach of its poleward range front, associated with ongoing adaptation or acclimation to increasingly variable climates at high latitudes (Lancaster et al. 2015) . Our prior results suggest that selection on cold tolerance remains strong during poleward range expansions (see also Preisser et al. 2008; Hidalgo-Galiana et al. 2014) , despite the fact that expansions are facilitated by warming climates.
In the current study, we investigate the specific gene expression changes behind geographical variation in thermal tolerance during the recent range expansion of I. elegans. A major goal of this study was to identify gene expression patterns and physiological pathways that may predispose this and other species to range expansion under changing climates. We further aimed to identify geographic divergence in gene expression patterns arising during the course of the range expansion, under either intensified or relaxed thermal selection in the new part of the range; such changes may result from plasticity, microevolutionary change, or both (Lande 2009 ). We present RNA-seq data for whole individuals experimentally exposed to heat or cold stress (i.e., as reported in Lancaster et al. 2015) from two populations, one within the historic range, and another population at the expanding northern range limit (Fig. 1) .
Within each population, individuals from experimental heat and cold exposure treatments were sampled for expression data in order to identify genetic responses that differed between these two stressors within and across regions.
We ask the following questions: 1) Which genes or gene isoforms exhibit conserved levels of differential expression in response to heat or cold stress, across both core and rangelimit populations? Genes whose function is conserved across multiple populations within a species and during range shifts will likely be most useful for characterising the species' general or pre-adapted molecular thermal response. 2) Which genes or isoforms were differentially expressed between thermal treatments in either the core or the edge region, but not across both? These genes could indicate novel adaptations, flexible strategies, or loss of function under release from thermal selection. 3) Which genes or isoforms have functionally switched from association with heat stress response to cold stress response, or vice versa, across the range expansion? We predict that genes ancestrally involved in upper thermal tolerances (in the ancestral, core region) may be co-opted for cold tolerance function as the
This article is protected by copyright. All rights reserved. range expansion progresses, because selection on heat tolerance is relaxed and selection on cold tolerance is intensified during the range expansion process (Lancaster et al. 2015) . The ability of several classes of stress-response proteins to exhibit evolutionary lability in whether they respond to heat vs. cold Telonis-Scott et al. 2014) suggests that some genes could switch between alternative stress functions within a species, which might be an important genetic mechanism underpinning rapid thermal adaptation during range shifts.
Materials and Methods

Field collections, thermal stress experiments, and sample selection
In 2012 and 2013, we collected individual, adult damselflies from a set of 15 populations in the ancestral, core portion of the species geographic range for I. elegans in southern Sweden, ca. 500 km from the published species range limit ( Fig. 1; hereafter the "core" region; see Le Rouzic et al. 2015 for detailed data on long-term dynamics of these populations), and from 11 populations at the leading range edge in central Sweden ( Fig. 1; hereafter the "edge" region). Using individuals from these populations, we determined regional variation in thermal tolerances (Lancaster et al. 2015, data summarised above) . The edge region is characterised by significantly lower mean annual temperatures and significantly higher levels of climatic variability than the core region (Lancaster et al. 2015) . Because I. elegans has previously been estimated to be moving northward at ca. 4.5 km  year −1 under anthropogenic climate change (Hickling et al. 2005) , our core populations in southern Sweden are conservatively located within the northern part of the species'
ancestral, pre-anthropocene geographic range. Consistent with I. elegans' rapid expansion status, we found healthy populations at significantly higher latitudes compared to all previously reported sightings for the species (http://www.gbif.org, http://www.artportalen.se)
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For the current gene expression study, we chose one sampled population in each region for comparison. In the core region, we chose the long-term study population Höje Å 14 (55.649 °N, 13.319 °E; Fig 1) due to its representative population dynamics (Le Rouzic et al. 2015) . In the edge region, we selected a population near the town of Nora (59.530 °N, 14.999 °E; hereafter, Nora; Fig 1) due to its position along the range edge (i.e., well beyond the published range limit for the species, see above) and its highly divergent climate and habitat suitability from core sites (Lancaster et al. 2015) . In both of these populations, we randomly selected n=8 adult female individuals for comparison, 4 from the heat stress experiment and 4 from the cold stress experiment. Individuals were age and gender matched to avoid confounding influences of these traits on thermal stress response (King & MacRae 2015) . These individuals were collected from Höje Å 14 on four separate days between June
This article is protected by copyright. All rights reserved. under the Bioproject number PRJNA304220, providing access to the I. elegans sampling data through the Biosample links SAMN04298996-SAMN04298999 and sequence read archives SRR2962606-SRR2962609. Adapter and low quality bases below a quality score of 20 were trimmed from raw sequences using the Nesoni clip version 0.109 (https://github.com/Victorian-Bioinformatics-Consortium/nesoni). Trimming was applied separately on each sample. After trimming, reads with less than 25bp were further discarded from the dataset, and all retained reads were used for the de novo assembly in Trinity, using default parameters (Grabherr et al. 2011 ; see Table S1 for a detailed summary of the trimming statistics). The transcriptome assembly followed the general workflow as outlined in (Chauhan et al. 2014 ) using Trinity default settings followed by three quality and filtering checks to retain only high quality transcripts for analysis. In the first step, duplicates were removed by clustering the assembly at 95% sequence similarity using CD-HIT-EST version 2.17.0 (Li & Godzik 2006) . In the second step, poor quality and potentially misassembled transcripts were discarded by removing transcripts with a mean coverage per base of less than
five using the BED tools genome coverage application (Quinlan & Hall 2010) . In the third and final step, transcripts containing ribosomal RNA were removed from the assembly using RepeatMasker version 4.0.1 (Smit et al. 1996 (Smit et al. -2014 ) using default settings. The high quality assembly was obtained after the three filtering steps, and comprised 71,904 unique transcripts, and was used for all subsequent analyses. Summary of initial and final assembly statistics can be found in Table S2 . An assembly completeness estimation with CEGMA version 2.4.010312 (Parra et al. 2007 ) reported 245 out of 248 ultra-conserved genes as 'complete' and yielded a completeness score of 98.79%. The remaining three genes were identified as 'partial' in the CEGMA analysis.
Assembly annotation
To functionally annotate the assembly, a BLASTX sequence homology search was conducted against the NCBI non-redundant (nr) protein database with an e-value cut-off of 1×10 -5 . All BLASTX results were imported into the BLAST2GO web version for further annotation (Conesa et al. 2005) . InterProScan was used for identifying conserved protein domains in the assembly (Jones et al. 2014) and GO annotations were performed on the BLASTX and InterProScan annotated transcripts (Ashburner et al. 2000) . GO annotations and GO Slim reductions were further applied to categorise transcripts into biological processes, cellular components and molecular functional annotations using second level database functions (Ashburner et al. 2000) . Finally, enzymes and their corresponding biological pathways were identified using the BLAST2GO integrated KEGG database (Conesa et al. 2005) . All analyses were performed using default settings.
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Differential expression analysis
Differential expression (DE) between heat and cold stress treatments was analysed separately for Nora and Höje Å 14 to assess regional similarities and differences. In each of our comparisons, we contrasted gene expression levels of individuals under heat stress to those individuals subjected to cold stress, rather than to unstressed controls. Previous results suggest an evolutionary and physiological decoupling of upper and lower thermal limits (Klok et al. 2004; Lancaster et al. 2015) . Thus, we focussed on genes that are likely to underpin the decoupled patterns of change in heat and cold tolerance between the ancestral and expanding part of the range.
First, filtered reads from each individual were analysed separately for abundance/raw counts in Trinity (Grabherr et al. 2011) . In this pipeline, transcript abundance was estimated in RSEM (Li & Dewey 2011) , with visualization in the IGV Module contained within RSEM using default settings (Table S3) . Next, filtered read counts at the individual level were analysed to identify differentially expressed transcripts using the Bioconductor tool DESeq2 (Love et al. 2014) in the Trinity differential expression module using the default settings, where differential expression levels were sought between thermal treatments for each transcript, and comparisons were run separately within each region. Next, we extracted the most differentially expressed transcripts using two-fold filtering (log 2 fold change ≥ 1 and an false discovery rate (FDR)-adjusted P-value of ≤ 0.001, i.e. using default settings; Haas 2015). A complete list of annotated and differentially expressed transcripts (for each set) are available through Dryad DOI: doi:10.5061/dryad.4qf2h. With this approach, a total of 780 significantly differentially expressed transcripts were identified across treatments in one or both populations.
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For each set of differentially expressed transcripts a GO enrichment analysis was performed (Table S4) . Further, to reduce the dimensionality of the data and focus on genes with major differences in their response to heat vs. cold, we also set a 10-fold (i.e. 3.32 log 2 fold) cut-off in gene expression levels between the heat vs. cold treated individuals in each region (resulting in n=143 differentially expressed transcripts for analysis and discussion within the text; complementary analyses using the 1 log 2 fold change cut-off are provided in supplementary materials). Trinity and DESeq2 analyses were performed using the resources provided by the Swedish National Infrastructure for Computing (SNIC) through the Uppsala Multidisciplinary Center for Advanced Computational Science (UPPNEX) under Project number b2013227. Differential expression patterns were visualised using a heat map constructed using the gplots package for R (Warnes et al. 2015) , with averaging agglomeration method and Pearson dissimilarity assignment. To transcend the arbitrary nature of cut-offs for statistical significance and for magnitudes of effect for our differential analysis of individual loci, we also conducted a between-group analysis (BGA; Culhane et al. 2002) to visualise divergence of each thermal treatment group within and among populations, for all 71,904 transcripts. In our BGA analysis, we ordinated groups of samples according to principal component analysis (PCA), and then projected individual samples back onto the first two PCA axes. BGA analysis was carried out in the Bioconductor for R package made4 v1.36.1 (Culhane et al. 2005) .
To test for region × treatment effects on the expression of genes and isoforms, raw read counts from the Trinity assembly were imported into edgeR Bioconductor package for R and normalised using the trimmed mean of M-values normalization method (TMM; Robinson and Oshlack 2010) . We used multidimensional scaling plots to check for consistency of samples within each category, and then conducted gene-wise general linear models (GLMs) in edgeR to identify transcripts with expression patterns that were
better explained across all samples by region + treatment + region × treatment than by additive effects of region + treatment alone, where significance of the region × treatment effect was established using likelihood ratio tests for each transcript. In this analysis, Pvalues were adjusted for multiple comparisons using default settings, i.e. a FDR cut-off of 0.05 ), but we did not specify any particular minimum threshold for magnitude of effect; this resulted in 69 significant transcripts.
Results
Out of 71,904 transcripts analysed in Deseq2 for differential expression across thermal treatments within either core or edge populations (Fig 1) , 97 transcripts were significantly differentially expressed in the core population, and at a greater than 10-fold difference between treatments. Of these, 68 (70%) were overexpressed following the heat treatment and 29 following the cold treatment ( Fig. 2a ; compare to Fig. S1a for results using the 1 log 2 fold change cur-off). In the edge population, 68 transcripts were differentially expressed at >10-fold change, and of these 49 were overexpressed following heat treatment (72%) and 19 following cold treatment (Fig. 2a) .
Between-group analysis of all 71,904 transcripts according to PCA revealed that most of the variation among groups (PC1; 53% of variation) was explained by thermal treatment, and region explained much of the remaining variation (PC2; 27% of variation) (Fig 2b) .
Among-population variation in gene expression was lower for cold-treated individuals (Fig.   2b , right side) than for heat-treated individuals (Fig. 2b , left side). Differences in gene expression between heat vs. cold treated individuals were slightly larger in the core (Fig. 2b, top) than at the range edge (Fig. 2b, bottom) .
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In contrast to the whole-transcriptome results, regional differences in expression pattern for the differentially expressed genes were greater for cold-treated individuals (Figs.
2c, S1b, left columns) than for heat-treated individuals (Figs. 2c, S1b, right columns). As in the BGA analysis of all transcripts (Fig. 2b) , temperature was more important than region in explaining expression differences among the transcripts significantly differentially expressed between thermal trials within each region (Figs. 2c, S1b, column clustering).
Differentially expressed genes and isoforms shared across regions
Of the 143 total differentially expressed transcripts across the two populations at greater than 10-fold change, 22 isoforms representing 16 genes were significantly differentially expressed in both core and edge populations (Fig 2a, Table 1 ). Independent identification of differential expression for these isoforms in each of two, geographically distinct populations suggests that these represent genes that are among the more conserved elements of the thermal stress response in I. elegans.
Of these 22 regionally conserved genes and isoforms, 21 (96%) were overexpressed following the heat ramping treatment in both populations, in comparison to the one remaining gene that was overexpressed following the cold ramping treatment (4%). The majority of these genes (14 out of 19; see top 14 rows of Table 1 ) mapped to genes with previously described heat stress response functionality, including heat shock proteins and co-chaperones (see Discussion for details of specific genes). Five remaining gene isoforms (rows 15-19 in Table 1 ) that were upregulated in response to heat in both populations did not map to genes with a previously described association to heat stress (but see Discussion). Of all 22 genes and isoforms with shared function across core and range edge regions, most were upregulated more strongly in response to thermal stress within the core than at the range edge (see 'Difference' column in Table 1 ), with the exception of genes related to transposon activity
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and epigenetic regulation, which gained greater activity in response to heat at the range edge.
The single transcript overexpressed at > 10-fold change after cold exposure in both populations aligned to a hypothetical protein of unknown function. Two transcripts overexpressed under heat ramping trials in both populations also mapped to proteins of unknown function.
Genes and isoforms with unique expression patterns in each region
In contrast to expression patterns that were shared between populations, genes and isoforms that were uniquely differentially expressed in either the core or the edge population (i.e., were differentially expressed between thermal treatments in one population but not both) showed a relatively balanced representation of responses to heat and cold stress. Of these, 63% or 61% were upregulated in response to heat (vs. 37% or 39% that were upregulated in response to cold) in the core or edge population, respectively (Table 2 , Fig. 2a , Table S5 ). Thermal stress responses generally involved a greater number of significantly differentially expressed genes and isoforms in the core than at the range edge (98 [core] vs.
59
[edge] unique transcripts differentially expressed at >10-fold change; Fig. 2a , Table S5 ).
Most of the differentially expressed genes and isoforms that were only identified in a single population mapped to genes relating to transposon activity, regulation of transcription, and general cellular functioning, including growth, replication, and homeostasis (Table 2, Table   S5 ).
Genes with reversed gene functionality following expansion
Sixty-nine unique transcripts showed significant evidence of expression activity reversal in response to heat vs. cold between the core population and the expanding range edge population (Table S6 ). Sixty of these 69 genes (87%) showed a similar pattern of
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upregulation in response to heat rather than to cold in the core, but at the range edge this was reversed, with upregulation in response to cold rather than heat ( Fig. 3a; see Table S6 for gene-specific details). There was very low or no expression of these genes detected under cold stress in the core, and under heat stress at the range edge ( Fig. 3a ; Table S6 ). All nine transcripts that significantly exhibited the reverse region x treatment expression pattern (i.e.
elevated expression in response to cold in the core, but in response to heat at the edge) had previously unknown functionality (Fig. 3b , Table S6 ).
Discussion
Changes in gene expression under altered thermal selection
Here, we identify putative mechanisms underpinning changes in thermal tolerance during a climate-mediated range expansion by investigating gene expression differences between I. elegans exposed to heat vs. cold stress, in core and range-expanding edge populations. Our results support an attenuation of the molecular basis of heat response under thermal release, as populations migrate to cooler regions at higher latitudes. We find that the number of genes significantly overexpressed under heat trials was greater in the warmer core region than at the cooler range edge (Fig. 2, Table 2 ), indicating a reduction in the variety of mechanisms involved in the heat response as the poleward expansion progresses. In further support of this mechanism, we also find that 16 out of 21 (76%) conserved genes that were overexpressed under heat stress in both regions exhibited a greater magnitude of differences in expression levels between treatments in the core than at the range edge (Table 1) . These combined results are consistent with our hypothesis that release from thermal selection on heat tolerances and genetic drift may have eroded some gene functions related to heat tolerances during the course of the expansion. Our previous data also suggested that cold
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This article is protected by copyright. All rights reserved. 2004; Lancaster et al. 2015) . These results also suggest some historical contingency and the existence of multiple genetic pathways in the evolution of cold tolerance, compared to the evolution of heat tolerance (Hoffmann et al. 2013; Araújo et al. 2013; Lancaster et al. 2015) .
The combined effects of release from selection on upper thermal tolerances, and intensified selection on lower thermal tolerances during range expansions (Lancaster et al.
2015, Lancaster in review), suggest that some genes involved in heat tolerance in the core may be evolutionarily or developmentally flexible, and could therefore switch functionality during the progress of range expansion. In support of this prediction, we find that of 69 genes exhibiting significant region x treatment effects on expression levels, 60 (87%) exhibited overexpression in response to heat in the core, but switched to upregulation in response to cold at the range edge. Many of these transcripts that switch function map to genes involved in cell growth and cell maintenance, rather than acute stress response (see below). This suggests that core individuals are more likely to sustain or increase key cellular functions under heat stress as part of their local adaptation to warmer climates. Range edge individuals, however, which lack locally adapted heat tolerances but exhibit greater cold tolerance than core individuals, may instead sustain or increase key cellular functions under moderate cold stress as part of local adaptation to maintain normal functioning under cooler ambient conditions (Kim et al. 2004; Dresios et al. 2005) . Selection to maintain body functions under
low temperatures (when metabolic rates of ectotherms are very low) should thus be strong at the range edge and should override selection against heat stress, which is presumably weak or non-existent.
Specific genes and isoforms with conserved patterns of gene expression between core and range edge populations
Twenty-one genes and isoforms that were upregulated in response to heat stress were highly conserved across populations ( (Porcelli et al. 2015) .
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Also upregulated in response to heat in both regions were two transcripts mapping to Samui, and one isoform of DnaJ-1, both of which are Bcl-2-associated anthanogene ( elegans, these genes and isoforms were upregulated strongly in response to heat stress (vs.
cold stress) in both populations, with the two differentially expressed isoforms of Samui showing similar patterns across regions (Table 1) . As in HSPs, expression levels of these cochaperones were generally lower in the range edge than in the core, potentially also indicative of molecular changes reflecting release from selection on upper thermal tolerances there.
Overexpression under heat stress was also conserved across populations at several genes that are less traditionally linked with heat stress responses in other system. These include a gene mapping to Rho-associated protein kinase-1 (ROCK1), which is involved in numerous cell functions involving cytoskeletal rearrangements and regulation of gene expression (Amano et al. 2010) . Relevantly, this gene has also previously been implicated in regulating the formation of stress granules or stress-induced apoptosis (Tsai & Wei 2010 ).
Transcripts at a single gene mapping to adapter protein-4 complex subunit beta-1 (AP4B1)
were upregulated in response to heat in both regions. This molecule plays a critical role in vesicle formation and trafficking involved in neural function within the brain (Wang et al. 2013; Abdollahpour et al. 2015) . To our knowledge this is the first study linking AP-4
This article is protected by copyright. All rights reserved. which is involved in regulation of gene expression (Martin & Zhang 2005) , were upregulated in response to heat in both regions. Relatively higher expression of (largely damaging) transposable elements (TEs) at the expansion front than in the core may reflect loss of adaptive suppression mechanisms during the range shift, under drift or relaxed selection as described above. More detail on putative TE and histone methylation functions is discussed below.
Genes and isoforms exhibiting among-region variation in gene expression under thermal stress
Transcripts at a gene mapping to heat shock protein 90 (HSP90) were significantly upregulated in response to heat in the core region at a greater than 10-fold expression difference, but differential expression of this gene was not detected at the range edge (Table   2, Table S5 ). HSP90 is an ATP-dependent protein chaperone with higher specificity and more specialised function than HSP70, which selectively stabilises proteins at later stages of folding (Clare & Saibil 2013) . Loss or weakening of the HSP90 response to heat stress at the range edge contributes to supporting our hypothesis that molecular mechanisms of heat tolerance may become weaker or more limited as range expansions proceed to cooler poleward regions. Upregulated in response to heat in the core but not the range edge were three isoforms mapping to two genes for twitchin (table S5) , which regulates muscle contraction in Drosophila (Ayme-Southgate et al. 1991) . This regional variation in differential expression may be implicated in concomitant loss of behavioural
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thermoregulatory responses to heat stress over the course of the range expansion, under the process of thermal release.
The dominant functional category for genes and isoforms exhibiting regional variation in thermal response was transposable element (TE) activity, specifically of retrotransposons (Table 2, Table S5 ). Strong regional differences in the specific TEs involved in thermal stress responses is unsurprising given that TEs are mobile and repeated throughout the genome (Wessler 2006) . Numerous studies have found that TE activity often increases in response to stress including thermal stress (McClintock 1984; DeSalvo et al. 2008; Stapley et al. 2015) .
While failure to suppress activity of TEs under stress is most likely a maladaptive stress response at the individual level (Slotkin & Martienssen 2007) , it has been suggested that this response may be partially responsible for geographic variation in thermal tolerance itself (HSP70 promoters are particularly vulnerable to TE insertion; Lerman et al. 2003) . Such TEinduced geographic variation in HSP expression or at other loci may also facilitate range expansions and invasions, by generating novel genetic variation as a substrate for adaptation to novel conditions in the new part of the range (Stapley et al. 2015) . One outstanding question raised by this hypothesis is whether range expansions might be favoured to occur in species that have pre-existing tendency to lose TE suppression in response to stress, or whether the tendency to lose TE suppression under stress is gained during the expansion process (Stapley et al. 2015) . Our results show approximately equal or declining rates of TE activity in response to thermal stress at the range edge vs. core, suggesting that, if TE activity is a relevant stress response for promoting range expansion, this mechanism may have preadapted I. elegans to succeed, rather than arising during the course of the expansion.
However, more work is needed to assess how TE responses to stress in expanding, nonexpanding and declining species, in order to draw conclusions about the relative importance of this mechanism for facilitating invasion success.
Gene expression at genes mapping to histone lysine methyltransferase was always higher in response to heat than cold stress in each region (Tables 1 and 2 ). Histone methylation plays an important regulatory role via transcriptional control and chromatin remodelling (Trievel 2004) , and has also been shown to play a key role in the suppression of TEs (Slotkin & Martienssen 2007) . While the function of elevated transcription rates of these genes in response to thermal stress is unknown, one potential hypothesis is that increased expression of histone lysine methyltransferases during heat stress may play an adaptive role in suppressing excessive TE activity, while suppression of TE activation under cold stress may be mediated by a different mechanism.
In response to cold stress in the core but not the range edge, transcripts were upregulated for a gene mapping to mucin, a defensive protein that is commonly expressed in the gut of vertebrates and invertebrates in response to toxins, microbial invasions, or physical trauma (Rayms-Keller et al. 2000) . Evidence is accumulating that mucins also play a role in heat and cold stress response in Drosophila (i.e., the Frost locus; , potentially by reducing oxidative stress and maintaining osmoregulation across gut epithelial cell membranes under thermal stress . Additional work is needed to identify the function of the particular mucin-like protein identified here, and particularly why differential expression at this cold-responsive gene in the core is not observed at the range edge, where the environment is colder and observed organism-level cold tolerances were improved.
Transcripts mapping to genes with regulatory, metabolic, homeostatic, synthesis/repair, transport, signalling, or adhesion functionality (summarised in Table 2 as "cell function/life cycle") were also more often differentially expressed in response to thermal stress in the core compared to the range edge, and were more often expressed in response to heat than cold stress (Table 2, Table S5 ). The significance of such regional
variation in thermal response function of each of these genes is currently unknown.
Genes exhibiting region x treatment effects on expression
Forty-eight of 69 transcripts that exhibited a significant region x treatment effect on expression patterns mapped to genes of described functions (Table S6) . Two-thirds of these (67%) mapped to genes for ribosomal proteins, which were more highly expressed in response to heat in the core, but in response to cold at the range edge (Fig 3) . Previous studies have suggested that genes for ribosomal proteins are commonly down-regulated in response to stress, as the body shifts from a strategy of growth to recovery and repair (Gasch et al. 2000; Spriggs et al. 2010) . However, evidence is accumulating that ribosomal proteins may also be upregulated as part of the thermal stress response to both cold (Graumann et al. 1996; Kim et al. 2004 ) and heat stress (Zhao et al. 2009 ), as part of a mechanism to enhance translation or support for proper ribosome function while under moderate thermal stress (Kim et al. 2004 ). This explanation is supported by a recent meta-analysis which suggests that genes involved in translation may have a fundamental role in adaptation to changing environmental temperatures (Porcelli et al. 2015) .
Seven additional genes that exhibited a similar region x treatment effect (Fig. 3a ) each mapped to genes coding for membrane metalloendopeptidase enzymes, cell-surface proteins that have diversified within and among species to inactivate a variety of peptide signals (Turner et al. 2001) . These ancient enzymes have radiated to perform a range of described functions, from neural control of feeding and locomotion, to immune and reproductive functions, metamorphosis, ageing, homeostasis and cancer (Bland et al. 2008) . The role of metalloendopeptidase in the thermal stress response is so far unknown, but metalloendopeptidase has been found to increase under heat stress in corals (DeSalvo et al. 2008) , and activity at a related serine-type endopeptidase locus responds to heat stress in mosquitoes (Zhao et al. 2009 ) and bacteria (Lipinska et al. 1990 ). Insect
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metalloendopeptidases have been previously investigated for a potential role in insecticide development (Turner et al. 2001) . The current study suggests that the function of these molecules may be evolutionarily or developmentally quite labile (see also Bland et al. 2008) , and may be integral for facilitating rapid adaptation of insect species to novel and changing
climates.
An additional eight genes for putatively adaptive normal functioning under thermal stress also exhibited similar region x treatment effects on expression, in the same direction as the ribosomal proteins (Fig. 3) . The relatively greater ability of core individuals to adopt a 'sustain business as usual' response to heat stress is likely an adaptation to warmer climates.
In contrast, at the range edge where individuals have lost local adaptation of heat tolerances but selection on cold tolerances has intensified, the need to sustain normal cellular function under cold stress may be more critical for fitness (Fig. 3a) . These patterns further suggest that the cellular threshold for whether to invest in sustaining normal/enhanced transcriptional machinery while under stress, vs. shifting away from normal cell function and towards survival, may commonly be regionally or temporally variable, especially during range expansions. Geographic variation in this decision point may reflect different degrees of local adaptation to cold or hot environments. Of the nine transcripts that significantly exhibited the reverse region x treatment expression pattern, such that there was higher expression in response to cold stress in the core, but in response to heat stress at the range edge, all were of previously undescribed function (Fig. 3b , Table S6 ).
Evolutionary and developmental mechanisms and remaining questions
We identified regional variation in gene expression responses to thermal stress using wild caught individuals expressing phenotypes that have been primed by natural conditions. This approach has two primary strengths over use of laboratory-reared individuals. First,
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natural phenotypes of wild-caught individuals are often highly dependent on developmental priming effects that are unknown or cannot be replicated in a laboratory setting (Boysen et al. 2011) . Second, high rates of mortality in the laboratory mean that lab-bred individuals often represent an unnatural subsample of individuals that can survive in the laboratory environment (Wagner 2000) . Thus in order to understand ecologically relevant responses to thermal stress, it is essential to work with naturally occurring phenotypes. However, the use of wild-caught individuals has several drawbacks. First, the age of individuals cannot be precisely known. Although we selected only mature adult females for comparison, and ontogenetic effects on gene expression within the adult life stage are likely limited to a very few loci (Lund et al. 2002) , such effects may obscure relevant patterns at these few loci.
Second, use of wild caught individuals means that we cannot distinguish intrinsic (genetic) from ecological (plastic) causes of regional differences in gene expression patterns, although recent work by ourselves and other authors suggest that plasticity and evolutionary change act in the same direction during colonization of novel thermal environments (Lancaster et al. 2015; Mäkinen et al. 2016) . These alternative sources of geographic variation are discussed in more detail below.
Causes of declines in molecular responses to thermal stress at the approach of the range expansion front may include developmental plasticity (e.g., lack of prior exposure to hot weather, resulting in a less well-primed heat response), or reflect genetic drift leading to loss of alleles involved in thermal tolerance that are not maintained under selection, or both.
Regardless of underlying causes, regional variation in these thermal tolerance mechanisms is reflective of regional variation in the thermal selective environment (Lancaster et al. 2015) .
Both the numbers of genes significantly upregulated under heat stress, and the intensity of response of those genes, were lower at the range edge in I. elegans. However, this pattern did not reflect among-region differences in mean thermal tolerance phenotypes, because absolute
tolerances were similar between core and edge regions (Lancaster et al. 2015) . This discordance between regional patterns of gene expression levels and physiological responses is consistent with previous results showing no correlation between physiological thermal tolerance and expression levels of heat shock proteins (Jensen et al. 2010) . However, thermal response phenotypes are typically complex, redundant, and robust (El-Samad et al. 2005) , and therefore regional declines in molecular function during range expansions may not become reflected in mean thermal response phenotypes at the whole-organism level until considerably greater erosion of underpinning molecular mechanisms occurs via further genetic drift and/or further loss of adaptive environmental priming cues.
In contrast to the results for genes with a significant effect on heat tolerance, we find that whole-transcriptome responses to heat stress are only slightly reduced at the range edge compared to the core ( Fig. 2b; where the core-heat -core-cold distance is only marginally larger than the edge-heat -edge-cold distance). This suggests that while genes with major effect on heat tolerance phenotypes respond (via evolutionary or plastic mechanisms) to release from selection during expansion, many genes with minor-effect responses to heat stress may remain largely undifferentiated between regions during rapid expansions.
Maintenance of ancestrally high heat tolerances may depend on maintaining function at these genes of minor effect over the course of the expansion.
Similarly, we lack information on the underlying genetic or developmental basis underpinning regional turnover of genes upregulated in response to cold stress. Across a variety of species, cold tolerance is known to be highly evolutionarily labile, and also typically exhibits high phenotypic plasticity, in comparison to heat tolerance. We found that cold tolerances themselves exhibited increased phenotypic plasticity, in the form of beneficial acclimation to recent weather events, at the approach of the range limit (Lancaster et al. 2015) in comparison to relatively non-plastic cold response phenotypes in the core. These
result are qualitatively consistent with well-established theoretical and empirical results linking the evolution of plasticity to range expansions (Sexton et al. 2009; Lande 2009 ). It may be that the genes significantly expressed at the range edge in response to cold stress are more environmentally inducible than genes expressed in the core (Table 2) , reflecting regional genetic variation in thermal reaction norms and a phenotypic expediting effect (Lande 2009). Alternatively, acquired plasticity in cold tolerance at the range margin may simply reflect more extreme environmental stress there. Finally, it is possible that gene expression levels in general are poorly predictive of cold tolerance phenotypes: some evidence suggests that, in comparison to heat tolerance, cold tolerance is more likely to be mediated at the translational than transcriptional stage (Spriggs et al. 2010) . Consistent with its high phenotypic and evolutionary lability, this would suggest that cold tolerance is a complex, highly modular trait, requiring much more work to mechanistically unravel.
Although cold tolerances were highly divergent between regions (Lancaster et al.
2015)
, and genes significantly upregulated in response to cold stress were highly variable between the core and the range edge (Fig. 2a,c , Table 2 ), whole-transcriptome responses to cold stress were surprisingly very similar across the two populations (Fig 2b) . This pattern might suggest that very few genes are involved in the cold-stress response, an interpretation consistent with previously reported high evolutionary lability of cold tolerances (Araújo et al. 2013) . Alternatively, this result may further support the hypothesis that individual proteins and cellular functions are likely to respond to cold stress is via translational than transcriptional responses.
Genes exhibiting a significant region x treatment effect on expression levels are highly likely to reflect regional variation in thermal selection regimes, and suggest that the threshold for switching between growth/maintenance and survival functions has changed over the course of the range expansion (i.e., the threshold has shifted to lower temperatures for
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both heat and cold responses). Again, it is currently unknown whether this shift in threshold temperature for switching between normal growth and maintenance to survival functions reflects local adaptation or acclimation. In either case, however, these results suggest that the ability to undergo rapid transitions between being warm-adapted to being cold-adapted, at the individual or population level, likely underpins successful range expansion responses to climate change. Having identified important genetic sources of regional variation, in decoupled patterns of response to heat vs. cold, and against the background of natural conditions (i.e., in wild-caught individuals), uncovering the heritability and developmental plasticity underlying these molecular mechanisms in a laboratory-bred individuals is the logical next step.
This article is protected by copyright. All rights reserved. 
-
Supporting information:
- Table S1 : Summary report of trimming steps applied on raw RNA-seq data to obtain quality reads.
- Table S2 : Statistics of initial (first assembly from Trinity) and final assembly (assembly after applying three step filtering).
- Table S3 : RSEM % reads mapped per sample.
- Table S4 : Top 5 significantly enriched GO terms for differentially expressed genes within each population.
- Table S5 : Genes and isoforms differentially expressed in response to heat or cold stress in either core or edge populations.
- Table S6 : Genes and isoforms exhibiting significant region x treatment effects on expression levels.
- Figure S1 : Gene expression profiles for all 780 differentially expressed genes.
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